In this study the effect of copper and nickel in shaping the structure and properties of ADI (Austempered Ductile Iron) was investigated. The austenitization and austempering transformations were studied in order to follow the changes exhibited in transformation kinetics. The dilatometric results indicated that the addition of Cu and the addition of both Cu and Ni resulted in reducing relative expansion during austenitization, due to a larger pearlite fraction in the microstructure. In the initial stage of the austempering process, the addition of Cu, and to a greater extent, additions of both Cu and Ni led to a reduction in the transformation rate, shifting the maximum transformation rate values toward longer times. X-ray diffraction, dilatometric, metallographic and magnetic examinations allowed us to determine the phases fraction in the structure of ADI with the presence of Cu and Ni. From SEM-EDS analysis, it follows that in the copper alloyed ADI, highly dispersed particles are formed containing Mg and Cu, whose size does not exceed <1 µm. The exhibited mechanical properties were determined as a function of Cu and Ni additions and also variable austempering period of time. It was found that the addition of Cu resulted in increased tensile strength and hardness but simultaneously decreased the impact strength of ADI. The outcome of this work indicates that in order to obtain a satisfactory combination of static and dynamic mechanical properties of ADI, an optimal combination -aside from proper heat treatment -Cu and Ni should be selected.
Introduction
Austempered ductile iron (ADI) is produced as a result of the heat treatment of spheroidal graphite cast iron so as achieve an optimal combination of strength, ductility and toughness [1] [2] . In literature there are numerous papers published on ADI, particularly on the kinetics of austenitizing and austempering processes [3] [4] [5] [6] [7] [8] , structural formation, mechanical and fatigue properties [9] [10] [11] [12] [13] , machinability [14] , as well as other applications [1, 13] .
Copper and nickel are amongst the most common alloying elements used in cast iron [15] [16] [17] [18] . In commercial practice, Cu (up to 1.5 wt.%) and Ni (up to 2.0 wt.%) are used for the production of high strength ADI's with high hardenability and ductility. Cu and Ni promote the formation of pearlite by retarding carbon diffusion in austenite. Cu and Ni increase tensile strength, yield strength and hardness while on the other hand they decrease ductility and impact resistance of ductile iron. In ADI, copper and nickel increase the maximum wall thickness that can be successfully austempered during heat treatment. They also segregate close to graphite regions and their distribution practically remains unchanged even after long heat treatment [19] . This segregation affects the microstructure and final properties of ADI. Copper and nickel according to literature have no significant effect on tensile properties, but increase ductility at austempering temperatures below 350°C as reported by Erić at al [20] . The present study investigates the effect of Cu and Ni additions on the austempering kinetics of ductile cast iron. In addition, mechanical properties were determined as a function of Cu and Ni additions and also variable austempering time.
Experimental
The experimental melts were prepared in a 15 kg capacity crucible using an electrical induction furnace of intermediate frequency. The furnace charge consisted of Sorelmetal (High Purity Pig Iron: 4.46%C, 0.132%Si, 0.01%Mn, 0.006%S, 0.02%P), technically pure silicon, Fe-Mn, steel scrap, copper and nickel. After melting at 1490 o C, the liquid metal was held for 2 minutes followed by spheroidization and inoculation operations using the bell method. 1.5 wt.% of a spheroidizer (44-48 % Si, 5-6% Mg, 0.8-1.2 % RE, 0.8-1.2 % Ca, Fe: balance) was used for spheroidization, while 0.5 wt.% of inoculant (73-78% Si, 0.75-1.25% Ca, 0.75-1.25% Ba, 0.75-1.25% Al, Fe: balance) was used for inoculation purposes. The cast iron was poured at 1400 o C into Y block (13 mm) ingots following the ASTM A 536-84 standard. Four melts were prepared with Cu, Ni, with both Cu + Ni additions and without alloying additives. Chemical composition of the experimental ductile irons was evaluated using a SPECTRAMAXx emission spectrometer as shown in Table 1 . The heat treatments consisted of: (a) Austenitizing in a silite furnace at 900 o C±2 o C for 40 minutes, (b) austempering in a salt bath of NaNO 2 -KNO 3 at 380 o C±2 o C for up to 2 hours and (c) air cooling to room temperature.
The dilatometric studies were performed using a DI-105 absolute dilatometer. In this case samples were austenitized at 900 o C±1 o C for 40 minutes, (b) austempering in a salt bath of NaNO 2 -KNO 3 at 380 o C±1 o C for 2 hours. An average cooling rate from austenitizing to an isothernal austempering was 20 o C/s. In addition, a JEOL JSM-5500LV scanning electron microscope (SEM) was employed for metallographic characterization and for observations of graphite morphology.
The volume fraction of austenite was determined by means of (i) dilatometric studies (f γd ), (ii) metallographic examinations (f γm ), (iii) Variable magnetic field (f γmf ) and (iv) X-ray diffraction (f γx ). A metallographic determination of the volume fraction of austenite was made using a Leica QWin v3.5 quantitative analyzer. X-ray diffraction was carried out with a D500 Kristalloflex (Siemens) with Cu K α radiation at 40 kV and 40 mA and with a step scan at 0.02° in the 2θ range of 25 to 125 °. Regarding a variable magnetic field, it is assumed that in the reversible range of the magnetic field, the magnetic dispersion of the alloy (k s ) can be determined by the eq. (1) [21] :
where: k s -magnetic dispersion of the alloy, k αi -magnetic dispersion of the i-th phase component; V αi -volumetric fraction of the i-th phase. For ADI cast iron with a specific magnetic dispersion value k s , the volume fraction of austenite V γ can be expressed as:
where: k F-G = 0.120 -magnetic dispersion specified for spheroidal graphite cast iron with a ferritic matrix (after ferrite annealing), k A = 0.775 -austenite magnetic dispersion [21] .
Strength testing was carried out on flat samples (in accordance with the ASTM E8M Standard) by means of a Zwick/Roell Z050 device equipped with a macro extensometer. The strain rate was set to 0.008 s -1 . An unnotched Charpy test was performed on specimens in the size of 55x10x10 mm, as per the ASTM specification A327-80, which were machined from the bottom part of these Y-shaped castings.
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Kinetics of the austempering transformation
The kinetic of the austempering transformation was followed by dilatometric means. The method is based on determination of the relative expansion of the material under investigation as a function of time and temperature. The JMA (Johnson-Mehl-Avrami) equation given below was used for describing the isothermal transformation processes:
where f is the volume fraction of the transformation product and n is a curve-shape constant valid for a given transformation condition. Figure 1 shows the first derivatives of the dilatometric curves with respect to time indicating transformation rates. From dilatometric results, quantitative parameters describing the austempering transformation kinetics were determined and they are given in Table 2 . From dilatometric studies it is found that Cu additions alone (alloy B) do not have a significant effect on the incubation time (I stage) in contrast to nickel (alloy C) and the combination of Cu and Ni (alloy D). In the case of Ni-alloyed ADI, the incubation time of the austempering transformation increases by approximately 38% whereas when both elements are involved, ie. Cu and Ni, the exhibited incubation time for the austempering transformation increase by nearly 80 %. Just after the incubation time, there are a few thin ferrite plates [15] located inside the metastable austenite, which partly transforms into martensite. As reported in [15] , the presence of these thin ferrite plates can be attributed to a diffusionless nucleation mechanism at the onset of the austempering transformation.
In the second stage of the austempering transformation (up to its maximum value of df/dt), the addition of copper, and even to a greater extent, nickel and both copper and nickel reduces its rate and moves the maximum value to the right (Fig. 1 ). This effect can be explained by the predominant role of Ni on restraining the diffusional growth of ferrite plates by hindering carbon diffusion into the surrounding austenite matrix. The maximum reached on the transformation rate curves (Fig. 1) can be considered as the moment of the maximum rate of ferrite plates nucleation. Beyond this point the growth of ferrite plates become controlled by diffusion of carbon into the austenite phase [15] . Figure 1 shows that in the third stage of austempering, the transformation rates for alloy A and copper alloyed (alloy B) are similar ( Table 2 ). In the case of ADI with the addition of nickel and nickel and copper, their transformation rates in the third stage are very similar to each other. For Alloy D, the longest austempering time ( Table 2 ) had been reached, which is most affected by the slowest transformation rate at the beginning of the third stage.
Apparently, Ni in combination with Cu have the strongest effect on reducing the transformation rates through their effect on the formation of new ferrite plates.
Volume fraction of austenite
Besides the effect on the ausferrite morphology, Ni and Cu additions also affect the volume fraction of the phases present after the completion of the austempering process. In table 3, austenite fractions determined by various techniques for full austempering time are presented. Table 3 shows that the addition of nickel and copper increases the austenite fraction in ADI. It is worth noting that the results obtained by different techniques differ slightly from each other. The austenite fraction determined by metallography strongly depends on the magnification used in the study and the analysed surface area. The use of scanning electron microscopy and magnification of 4000x often produces results different from light microscopy and magnification of the order of 500-1000x. XRD studies are most often used to determine the residual austenite fraction in ADI cast iron. The analysis of the results obtained with this technique shows that, depending on the type of XRD device and the standard used, the results may vary from each other. Dilatometric methods can also be employed to estimate the residual austenite fraction in addition to the information about the transformation kinetics. It is also possible to assess the volumetric fraction of paramagnetic components through the magnetic method [21] . Such tests allow the ferromagnetic component to be determined in a short time and the accuracy of its determination depends on the selected standard. According to Table 3 , the results of austenite fraction through the magnetic method are similar to those obtained by XRD. The qualitative and quantitative assessment of phase composition is extremely important for the analysis of the influence of technological factors (eg chemical composition) on the structure and properties of ADI cast iron. The presented analysis shows that there are different methods for determining the austenite fraction, and the results obtained by different methods may vary significantly from one another, which may affect the correct interpretation of the results.
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SEM investigation of fractures
All specimens exhibit a mixture of ductile and cleavage fracture mode, regardless of the addition of alloying elements (Cu, Ni and Cu+Ni). The effect of alloying ADI with Cu on fracture morphology is illustrated in Fig. 2 . Close examination revealed the presence of ellipsoidal shaped precipitate with a size below 1 µm in the ADI fracture of alloy B (Fig. 2) and D. TEM observations [22] allowed us to identify these precipitates as Mg 2 Cu with an orthorhombic structure. It should also be noted that these particles (which are fragile due to their crystallographic structure) are mainly located in the vicinity of graphite nodules in the region of a dimpled fracture [22] . 
Tensile and impact properties
The effect of alloying ADI with Cu, Ni and Cu+Ni on the mechanical properties is illustrated in Fig. 3 . Figure 3 shows that ADI cast iron with the addition of copper (alloys B) and both copper and nickel (alloy D) have the highest tensile strength and hardness. The highest UTS and hardness values were obtained during a short austempering time (40 min.). ADI with copper and copper and nickel has the lowest impact strength (Fig. 3d ). It is worth noting that Cu-alloyed ADI (alloy B) has very good plasticity at 15%, similar to Ni-alloyed ADI (alloy C). ADI without the addition of copper (alloys A and C) has the highest impact strength. In these copper-free A and C alloys, in the full austempering time range ie. from 40 up to 120 minutes, impact strength is at the level of 136-180 J. In the case of copper alloyed ADI impact strength significantly decreases. In the case of alloy B in the entire considered time range, impact strength ranges from 90-144 J, whereas in alloy D, impact energy ranges from 81-120 J. The change in mechanical properties is related to graphite in the form of spheres (their fraction, shape and number), austenite fraction, the form of ferrite platelets, the presence of identified Mg 2 Cu particles, as well as the processes of metal matrix strengthening and segregation of alloying elements. Literature data suggests that the addition of copper and nickel has little effect on the mechanical properties of ADI. In the case of copper and copper and nickel alloyed ductile iron (in "as cast" conditions) significantly lowers impact strength and ductility, while an increase of hardness, tensile strength and yield strength is primarily associated with a pearlitic metallic matrix. By contrast, ADI with additions of copper, according to several studies, shows that no significant changes of tensile properties compared to iron without alloying elements were observed [15] [16] [17] [18] . Highly-dispersive and brittle Mg-Cu particles, have a negative effect on the impact properties of ADI. In conclusion, it can be stated that ADI with copper is characterized by good static mechanical properties but at the same time reduced dynamic properties.
Conclusions
The following conclusions can be drawn from the present experimental investigation: 1. Dilatometric studies indicate that the addition of copper (alloy B) does not have a significant effect on the incubation time for the austempering transformation. The austempering process is characterized by different transformation rates. In the initial stage, the addition of Cu and to a greater extent nickel and both copper and nickel additions have a marked effect on reducing the transformation rates. 2. The exhibited mechanical properties of ADI depend on Cu and Ni additions and variable austempering periods of time. The addition of Cu resulted in an increase in tensile strength and hardness but simultaneously decreased the dynamic properties of ADI. ADI with copper (alloy B) has very good plasticity of 15%, similar to ADI with nickel (alloy C). Highlydispersive Mg 2 Cu particles present in copper alloyed ADI (alloy B and alloy D) the size of which do not exceed 1 µm, have a negative effect on the dynamic properties of ADI.
